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Trench Isolation for Micromechanical Devices 



PCT/US99/00784 



This invention was made with government support under contract number 
F30602-97-2-0104 awarded by DARPA. The government holds certain rights in the 
invention. 

This application claims the benefit of U.S. Provisional application No. 
60/071,390 filed January 15, 1998, the disclosure of which is incorporated herein by 
reference. 



Background of the Invention 

The field of the present invention relates generally to microdevices and 
microstructures, and more particularly to microfabrication processes to create 
micromechanical or microelectromechanical devices with integral electrical isolation 
structures within the devices. 

Microelectromechanical systems (MEMS) refers to a technology in which 
electrical and mechanical devices are fabricated at substantially microscopic 
dimensions utilizing techniques well known in the manufacture of integrated circuits. 
Present commercial applications of MEMS technology are predominantly in pressure 
and inertial sensing, with an emphasis on automotive applications thereof. For an 
introduction to the use of MEMS technology for sensors and actuators, see for 
example the article by Bryzek et al. in IEEE Spectrum, May 1994, pp. 20-31. 

The fabrication processes for MEMS, called micromachining, are borrowed 
from the integrated circuit industry, where semiconductor devices are fabricated 
using a sequence of patterning, deposition, and etch steps. Surface micromachining 
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has typically used a deposited layer of polysilicon as the structural micromechanical 
material. The polysilicon is deposited over a sacrificial layer onto a substrate, 
typically silicon, and when the sacrificial layer is removed the polysilicon remains free 
standing. Bulk micromachining techniques, rather than using deposited layers on a 
silicon substrate, etch directly into the silicon wafer to make mechanical structures of 
the single crystal silicon itself. Bulk micromachining was first practiced using 
anisotropic wet chemical etchants such as potassium hydroxide, which etch faster in 
certain crystallographic planes of silicon. However, advancements in reactive ion 
etching (RIE) technology have made practical, and in many ways preferential, the 
use of dry plasma etching to define micromechanical structures. Reactive ion 
etching techniques are independent of crystal orientation, and can create devices 
exceeding the functionality of surface micromachined devices. The use of single- 
crystal materials, particularly silicon, can be beneficial for mechanical applications 
because of the lack of defects and grain boundaries, maintaining excellent structural 
properties even as the size of the device shrinks. 

Deep reactive ion etching techniques developed specifically for the MEMS 
industry have enabled a greater range of functionality for bulk micromachining. 
Processes such as those described in US Patent No. 5,501,893 are now supplied by 
commercial etch vendors specifically for bulk micromachining. These processes 
provide silicon etch rates in excess of 2um/min with vertical profiles and selectivity to 
photoresist greater than 50:1 or selectivity to silicon oxide greater than 100:1 . This 
enables bulk micromachined structures to span the range from several microns deep 
to essentially the thickness of an entire wafer (>300um). 

The predominant difficulty in bulk micromachining is the requirement for most 
devices that the silicon of the microstructure be mechanically connected to but 
electrically isolated from the substrate silicon. In particular, if the device is electrically 
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activated or transduced, the current path from the structure to the substrate must be 
reduced or effectively eliminated in order that the device function appropriately. This 
requirement has proven to be the most difficult to achieve in fabrication. 

An example of a process for bulk micromachined structures is described in 
U.S. Patent No. 5,719,073 which is assigned to the assignee of the present 
application, the disclosure of which is hereby incorporated herein by reference. This 
process uses a single mask layer and appropriate etch and deposition steps to 
create a fully self-aligned, metalized bulk micromachined structure. Reactive ion 
etching is used to define and undercut an array of cantilever beams, which are 
connected together in order to form a more complete functional microstructure. All 
structure elements and interconnects are formed with the same masking layer, and 
isotropic dry etch techniques are used to release the structural layer. The 
advantages of the process are the simplicity of the single masking layer, the reactive 
ion etch release process, the self-aligned metalization, and high manufacturing yield. 

The process flow for the '073 patent defines a pattern in a dielectric mask 
which is transferred to the single crystal material substrate by a 10-20um trench 
etch. After the sidewalls of the trench are protected using a second dielectric layer, 
such as silicon dioxide, the silicon islands or mesas are undercut and released using 
an isotropic reactive ion etch. The released silicon mesas essentially become the 
cantilever beams. A final self-aligned metal layer is deposited onto the oxide layer on 
the beams, allowing electrical connection to the structure. The process of the '073 
patent can be carried out on a wafer having existing integrated circuitry, in which 
case the individual process steps are all performed at a temperature of less than 
300°C. 
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With the self-aligned metal layer of the '073 patent, only one electrical 
connection is made to the microstructure. In situations where several connections 
are necessary, additional photolithography or masking steps must be performed on 
the released structure. These additional steps limit device yield, since photoresist 
application on and removal from a released microstructure often results in device 
failure. Although the metal layer of the '073 patent is self-aligned, it has been found 
that evaporation or sputtering of metal on the sidewalls of 1G-20um deep beams is a 
difficult, non-standard process step, and the resulting metal layer is often highly 
nonuniform in thickness and will coat only a portion of the total beam depth. Further, 
a metal-oxide-silicon interface is a source of parasitic capacitance for those devices 
which rely on opposing metal layers for capacitive actuation and transduction and 
the large area provided by the beam sidewalls in the '073 patent and the metal- 
oxide-silicon beam structure directly results in a large parasitic capacitance. For 
many inertial sensing devices, the variable capacitance provided by opposing beam 
sidewalls is actually exceeded by the parasitic capacitance to the substrate silicon. 

An attempt to modify the process of the '073 patent to reduce the level of 
parasitic capacitance, and thus improve the device performance resulted in the 
invention described in U.S. Patent No. 5,426,070, also assigned to the assignee of 
the present invention. Here, an oxidation step is carried out to consume sections of 
the silicon beams, converting these sections completely to oxidized segments. As a 
result, the remaining silicon of the microstructure is electrically isolated from the 
substrate silicon by an oxide beam segment. However, the thick oxide layer required 
for the insulating segment is also grown on sidewall surfaces of the surviving silicon 
beams, drastically modifying the mechanical performance of the composite beams. 
In addition, the self-aligned metalization creates only one contact to the 
microstructure and since the metal is required to coat the sidewalls of the beams, 
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the result is the non-uniform and unreliable metal coverage described above. 

Other techniques for providing isolation and parasitic capacitance reduction 
for bulk micromachined devices have been attempted. Many have relied on the use 
of specially prepared substrates such as silicon-on-insu!ator\ where the wafer has a 
built-in buried oxide layer. The microstructure is formed from the silicon layer existing 
on the top of the buried layer, and released using chemical etching of the buried 
layer. However, the chemical etch to release the silicon microstructure has relatively 
low yield, and the substrate itself is specialized and expensive. In Brosnihan, et al., 
"Embedded interconnect and electrical isolation for high-aspect-ratio, SOI inertial 
instruments," Transducers 97, pp. 637-640, the authors combine the SOI substrate 
with nitride and polysilicon isolation blocks. However, the structure definition and 
release still depend on the buried SOI layer and the resulting expensive substrate 
preparation. 

As bulk micromachined devices increase in complexity it becomes 
increasingly important to improve their electrical performance. Multiple electrical 
connections are required for more complex MEMS devices. Electrical isolation 
between the various connections, and between the structure and the substrate, are 
also required. Typically such isolation is accomplished in the prior art by separating 
conducting metal layers by insulating dielectric layers. See for example U.S. Patent 
No. 5,61 1 ,940. it is also well known in the prior art to provide dielectric isolation 
regions between microelectronic devices or conductors in integrated circuits, as in 
U.S. Patent Nos. 4,688,069 and 4,876,217. A particularly beneficial approach to 
electrical isolation has been the use of trenches filled with insulating material, 
described in U.S. Patent Nos. 4,104,086, 4,509,249, 4,571,819, and 4,519,128. 
Although the electrical isolation schemes in the prior art are very satisfactory for 
conventional integrated circuit devices, they have serious shortcomings when 
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applied to microelectromechanical devices. 

MEMS devices contain moving mechanical microstructures, typically 
exhibiting substantially three-dimensional geometries. The existence of these 
structures precludes, or makes very difficult, the application of electrical isolation 
5 schemes such as those described in the prior art. Such schemes involve multiple 

steps of lithography, etching, and deposition. These steps are not feasible on 
structures exhibiting large topographic variations, nor on microstructures which have 
been previously released for motion. 

What is required for effective electrical isolation in MEMS devices is a new 
10 electrical isolation process which must be compatible with the specific requirements 

and limitation of MEMS devices, most notably the existence of released, movable 
microstructures. 

What is also required of the electrical isolation process is that it provide 
isolation between adjacent mechanical structures, between different electrical 

15 segments, and between the device and the substrate material. In bulk 

micromachining, this most often means breaking the electrical continuity between 
the structure silicon and the substrate silicon. It is desired that such an isolation 
structure should also provide for reduced parasitic capacitance in the device. MEMS 
sensors typically require the ability the measure very small changes in electrical 

20 charge or capacitance, and therefore must minimize the effect of parasitic circuit 

elements. 

Further what is needed is an electrical isolation process which does not have 
an adverse impact on the manufacturing yield of MEMS devices. The commercial 
viability of MEMS technology depends on cost effective manufacturing of products. 
25 Prior art electrical isolation schemes may result in very low manufacturing yields and 
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hence unacceptably high costs for most MEMS product applications. 
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Summary of the Invention 

In order to achieve the foregoing and to overcome the problems inherent in 
prior electrical isolation schemes, the present invention is directed to a beam-level 
isolation technique in which insulating segments are incorporated within silicon 
beam microstructures to provide electrical isolation. 

It is therefore an object of the present invention to provide suitably modified 
trench isolation techniques, utilizing dielectric materials, in conjunction with 
micromechanical device fabrication processes to achieve electrical isolation within 
the microstructure. 

It is a further object of the invention to eliminate the use of unsuitable and 
unreliable sidewall metal layers for electrical activation of a MEMS device, and 
instead to use the silicon cores of microstructure beams for conduction and as 
capacitor plates. This is achieved by creating contacts from a metal layer through a 
dielectric layer to the silicon beams using techniques which are common in the art. 

It is a further object of the invention to provide multiple metal 
interconnections within a MEMS device. This is achieved by placing metal conductor 
lines over isolation segments and on top of cantilever beams to provide multiple 
metal paths. The conductor lines are separated from the core silicon by an insulating 
layer which is also present on top of the beams, thus achieving isolation between the 
metal and the silicon. 

It is a further object of the invention to alleviate dielectric-induced stress on 
silicon beam microstructures by minimizing the amount of sidewall film present on 
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the silicon. Thermal oxidation of existing beam structures creates a thick sidewall 
oxide film which dominates device characteristics. By performing isolation 
processes before structure formation, sidewall films can be reduced or even 
eliminated, and hence passivation films can be rendered unimportant to device 
5 performance. 

It is a further object of the invention to provide a trench isolation process for 
fabricating microstructures which is scalable to different structure etch depths, while 
maintaining high manufacturing yield. The trench isolation process may be scaled to 
etch depths greater than 50um using deep reactive ion etching techniques, and can 
10 be adjusted to a particular microstructure depth. Planar lithography for the isolation 

segments, metal deposition, and structure definition maintains high manufacturing 
yield and does not deviate from techniques common to the semiconductor 
processing industry. 

Although the preferred embodiment of the invention is to use thermal 
15 oxidation to form the isolation segments, other lower temperature chemical vapor 

deposition techniques can also be used for trench isolation. Further, even with high 
temperature oxidation steps, it is possible to integrate the micromechanical isolation 
process with integrated circuits without significant interleaving of the process steps. 

Briefly, the basic process begins by defining an isolation trench pattern for a 
20 desired micromechanical structure on an oxide coated silicon wafer. The pattern 

defines the region, or regions, where dielectric isolation segments will be placed. 
These dielectric segments serve to separate the silicon of the micromechanical 
structure from the silicon of the substrate. The pattern for the dielectric segments 
present in the exposed photoresist is transferred to the oxide underlayer using a 
25 reactive ion etch. Then, an isolation trench is defined in the wafer using silicon 
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reactive ion etching, typically 1-1 .Sum wide and 10-50um deep into the substrate 
silicon. The shape of the trench, or the trench profile, is optimized to improve the 
isolation properties of the segment in conjunction with the remainder of the 
microstructure processing steps. In the preferred embodiment, the trench profile is 
reentrant, with a wider width at the bottom of the trench than at the top of the trench. 
The purpose of shaping the trench is to reduce the possibility of silicon filaments 
forming during the remainder of the processing. Such filaments may surround the 
isolation segment and provide a leakage path which reduces the efficacy of the 
isolation. 

After the isolation trench is defined, the trench is filled with a dielectric, 
preferably with a thermal oxidation step. Alternatively, the trench may be filled using 
chemical vapor deposition techniques with silicon dioxide or silicon nitride. During 
thermal oxidation, the silicon sidewalls of the trench are consumed to form silicon 
dioxide, and the resulting volumetric expansion narrows the trench opening to 
effectively fill the trench. Because of the high aspect ratio of the trench, a void is 
often formed within the dielectric. Unlike most electrical isolation schemes, however, 
the void is unimportant to device operation. 

After the trench is filled, the wafer surface has small topography variations 
around the locations of the isolation segments. Therefore, a planarization step is 
performed, normally with photoresist, to smooth the surface of the wafer and 
prepare it for the patterning and deposition steps to follow. An application of resist or 
other viscous material, and subsequent etchback, is used to planarize the small 
nonuniformities in the surface and reduce the thickness of the dielectric on the 
surface of the wafer. 



Next, a second masking layer defines vias in locations where connection is to 
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be made from a subsequent metal layer to the silicon beam structures or the silicon 
substrate. Eventually, metal to silicon contacts are made through the vias as is 
typical of integrated circuit processing. The via pattern in the photoresist is 
transferred to the silicon oxide using RIE processes, and the silicon surface is 
exposed for contact processing. After implantation and annealing of dopants, the 
metal layer is sputter deposited. The metal layer forms the contacts to the underlying 
silicon and is also used, in conjunction with further processing, to create multiple 
interconnections to the micromechanical device. 

A third photolithography step coarsely patterns the metal in preparation for 
the final structure etches. The coarse metal pattern is transferred to the metal layer 
using a wet chemical etch step or a dry reactive ion etch. The coarse metal 
patterning step removes metal from the regions where the interconnections are to be 
broken. A final lithographic patterning step defines the micromechanical structure in 
the form of an interconnected grid of silicon beams. The beams are created by 
transferring the photoresist pattern through the metal and dielectric masking layers. 
Silicon islands or mesas are defined using a silicon trench etch which surrounds the 
mesa features. After the sidewalls of the beams are passivated using a dielectric 
layer, the beam features are released using an isotropic reactive ion etch. The 
sidewall passivation layers can be removed, if desired, by another isotropic reactive 
ion etch, etching dielectric preferentially to silicon. 

In summary, the process of this invention creates a silicon structure similar to 
those developed in the 703 patent, but offering several substantial advantages. A 
metal conductive layer is present on the top of the beam structures only. Isolation 
segments are incorporated into the silicon beams, reducing parasitic capacitance 
and providing multiple structure connections. In regions where capacitive actuation 
or sensing is required, the metal layer contacts the beam silicon cores, which serve 
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as the capacitor plates. This is allowed because the isolation segments interrupt the 
conduction path from the silicon beams to the substrate silicon. Multiple conduction 
paths are possible using the top conductive metal layers and the contacts to the 
underlying silicon. The process is greatly improved from the prior art because a 
5 sidewall metal layer is not required, and multiple connections to the released 

microstructure are possible. The process is inherently manufacturable because all 
photolithography steps are performed on a flat surface, and none are performed on 
a released structure. The process can be merged with integrated circuits to create 
fully integrated systems on a chip. 

10 Brief Description of the Drawings 

The foregoing and additional objects, features, and advantages of the 
present invention will become apparent to those of skill in the art from the following 
detailed description of a preferred embodiment thereof, taken with the following 
drawings, in which: 

15 Figures 1a-1h diagrammatically illustrate the basic trench isolation process of 

the invention: 

Figures 2a-2i illustrate the basic process in perspective view; 

Figure 3 is a photomicrograph showing the isolation segments and metal 
conduction layer on a released microstructure; 



20 



Figure 4 illustrates a multiple level interconnect scheme resulting from the 
basic process; 
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Figures 5a-5h illustrate a method to implement the isolated microstructure 
with an integrated circuit; and 

Figures 6a-6i illustrate an alternative method to merge the microstructure 
process with an integrated circuit. 

5 Detailed Description of the Invention 

Although a number of variations of the invention are possible, the basic 
process is illustrated in Figures 1A-1H, which show in cross section the steps for 
fabricating from a silicon wafer a single released micromechanical beam with a 
single incorporated isolation segment. It will be understood from the process outlined 
10 in subsequent sections, that an entire micromechanical structure may be composed 

of any number of such beams, connected to each other and/or to the wafer in a 
manner to provide full device functionality. 

Referring to Figure 1A, a silicon wafer 102 is provided with a dielectric layer 
104, preferably silicon dioxide (oxide). The silicon wafer can be of arbitrary doping, 

15 resistivity, and crystal orientation, since the process depends only on reactive ion 

etching to carve and form the structures. The layer 104 serves the function of 
protecting the silicon surface of the wafer during an isolation trench etch to follow, 
and thus represents a masking layer only. This masking layer can be formed from 
any number of techniques, including thermal oxidation of silicon or chemical vapor 

20 deposition (CVD). The typical thickness of the masking layer 104 is 0.5-1 .Oum. A 

photoresist 106 is then spun onto the wafer and exposed and developed using 
standard photolithography techniques to define the isolation trench pattern 108. 
Reactive ion etching is used to transfer the photoresist pattern to the mask layer 
104,as at 110, exposing the silicon surface 112. Typically, the silicon dioxide mask is 
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etched in a Freon gas mixture, for example CHF 3 or CF 4 . High etch rates for silicon 
dioxide etching are achieved using a high density plasma reactor, such as an 
inductively coupled plasma (ICP) chamber. These ICP chambers use a high power rf 
source to sustain the high density plasma and a lower power rf bias on the wafer to 
achieve high etch rates at low ion energies. Oxide etch rates of 200nm/min and 
selectivities to photoresist greater than 1:1 are common for this hardware 
configuration. 

As illustrated in Figure 1B, an isolation trench 114 is next formed in the wafer 
102 by deep reactive ion etching of silicon using high etch rate, high selectivity 
etching. The trench is commonly etched in a high density plasma using an SF6 gas 
mixture as described in patent 5,501,893. Preferably, the etch is controlled so that 
the trench profile is reentrant, or tapered, with the top 1 16 of the trench being 
narrower than the bottom 1 18 of the trench. This tapering ensures that good 
electrical isolation is achieved in subsequent processing. Profile tapering can be 
achieved in reactive ion etching by tuning the degree of passivation, or by varying 
the parameters (power, gas flows, pressure) of the discharge during the course of 
the etch. Since the trench is to be filled with dielectric, the opening at the top 116 of 
the trench is chosen to be less than 2um in width. The trench depth is typically in the 
range 10-50um. A common procedure for etching the trench is to alternate etch 
steps (SF 6 and argon mixture) with passivation steps (Freon with argon) in an ICP 
plasma to achieve etch rates in excess of 2um/min at high selectivity to photoresist 
(>50:1) and oxide (>100:1). The power and time of the etch cycles are increased as 
the trench deepens to achieve the tapered profile. Although the trench geometry is 
preferably reentrant, arbitrary trench profiles can be accommodated with 
adjustments in microstructure processing. Good isolation results can be achieved 
with any of a number of known trench etch chemistries. After the silicon trench is 
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etched, the photoresist layer 106 is removed with wet chemistry or dry ashing 
techniques, and the masking layer 104 is removed with RIE or buffered hydrofluoric 
acid. 

Referring to Figure 1C, the isolation trench 1 14 is then filled with an 
insulating dielectric material, typically silicon dioxide. The filling procedure results in 
the mostly solid isolation segment 120 in the trench 1 14, and serves to deposit a 
layer 122 of dielectric material on the top surface 1 12 of the silicon wafer and 
dielectric layers on the sidewall 124 and bottom 126 of the trench. The thickness of 
the deposited layer is usually in excess of 1um. This fill can be accomplished with 
chemical vapor deposition (CVD) techniques or preferably with oxidation of silicon at 
high temperatures. In thermal oxidation, the wafer is exposed to an oxygen rich 
environment at temperatures from 900-1 150°C. This oxidation process consumes 
silicon surfaces to form silicon dioxide. The resulting volumetric expansion from this 
process causes the sidewalls of the trenches to encroach upon each other, 
eventually closing the trench opening. In a CVD fill, some dielectric is deposited on 
the walls but filling also occurs from deposition on the bottom of the trench. CVD 
dielectric fill of trenches has been demonstrated with TEOS or silane mixtures in 
plasma enhanced CVD chambers and low pressure CVD furnace tubes. 

During a trench fill, it is common for most trench profiles to be incompletely 
filled, causing an interface 128 and a void 130 to be formed in the trench. A local 
concentration of stress in the void can cause electrical and mechanical malfunction 
for some devices, but is generally unimportant for micromechanical devices due to 
the enclosed geometry of the isolation segment 120. The interface 128 and void 130 
can be eliminated by shaping the trench to be wider at the trench opening 116 than 
the trench bottom. However, good electrical isolation would then require additional 
tapering of the microstructure trench etch in later steps. Another artifact of the trench 
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filling is an indentation 132 that is created in the surface of the dielectric 134, 
centered over the isolation segment 120. This indentation is unavoidable in most 
trench filling processes, and can be as deep as 0.5um, depending on the thickness 
of the deposition. 

To remove the indentation 132, the surface is planarized to form a flat 
surface 136, as illustrated in Figure 1D, for subsequent lithographic and deposition 
steps. Planarization is performed by depositing a viscous material, which can be 
photoresist, spin-on glass, or polyimide, and flowing the material to fill the 
indentation 132 to a smooth finish. During etchback, which is the second step of 
planarization, the surface 136 is etched uniformly, including the filled indentation. 
Therefore, by removing part of the surface oxide 122, the indentation 132 is 
removed to create a uniform thickness layer 138. For example, if the original 
dielectric layer 122 is 2um, then planarization to remove the indentation 132 leaves 
a dielectric layer 1 38 having a final thickness of less than 1 urn. The surface 1 36 of 
the wafer is free from imperfection and is ready for further lithography and 
deposition. 

In Figure 1E r a second photolithography step opens vias to prepare contacts 
to the underlying silicon 102. This second lithographic step is performed by exposing 
and developing a pattern of via openings 140 in a layer of resist 142 on surface 136 
and transferring the pattern into the underlying dielectric layer 138. After lithography, 
the silicon is implanted in the region 144 using dopants matched to the substrate 
silicon 102. A high concentration of dopants, either p or n type, in the region 144 will 
serve to create an ohmic contact between the silicon and a metal layer on the 
surface of dielectric layer 138. The silicon region 144 may be protected from implant 
damage by leaving a thin layer of dielectric at the surface 146 of the silicon. After the 
silicon is implanted, the resist 142 is removed with wet chemicals or ashing and the 
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wafer is annealed to activate the implanted ions. 

A sputtered metal layer 148, preferably aluminum, is deposited in Figure 1F. 
The metal covers the surface 136 of the dielectric 138, and uniformly coats over the 
isolation segment 120 as a result of the planarizing step. The metal layer fills the via 
140 and contacts the implanted region of silicon at 144, electrically connecting the 
metal to the silicon to form an ohmic contact. Otherwise the metal layer is insulated 
from the substrate silicon 102 by means of the dielectric layer 138. The thickness of 
the metal layer is nominally 0.5um, although arbitrary thickness is acceptable. 
Sputtering is preferably used instead of evaporation because of the ease of volume 
production. As known in the prior art, some silicon or copper content in an aluminum 
layer, or target, will improve resistance to electromigration-induced failure. 

A third photolithography step is shown in Figure 1G. Lithography is 
performed with a spun on resist layer 150 on the top surface of the metal layer 148. 
The resist is patterned to provide open areas 152 where metal is not desired; this 
step is referred to as coarse metal patterning. The opening 152 in the resist is 
transferred to the metal layer 148 by wet chemical etching or reactive ion etching. 
For aluminum RIE. a combination of BCL3 and CL 2 in a parallel plate etcher is known 
in the art. The etch is stopped at the surface 136 of the oxide layer 138. The removal 
of metal at the opening 152 separates the region of metal 156 from the region of 
metal 158 on the top of an individual beam element. This is important in situations 
where multiple interconnection paths are required to and on the micromechanical 
structure. 

The micromechanical beams are created, as illustrated in Figure 1H, by 
applying the techniques of the 703 patent. Thus a final, fourth lithographic step is 
applied using photoresist layer 160, which is patterned to define an array of beam 
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structures of width 1-3um connected to create the entire micromechanicai structure. 
The photoresist pattern is transferred through the metai layer 148 using reactive ion 
etching, and then through the dielectric layer 138 using RIE techniques. The layers 
of photoresist, metal, and dielectric then serve as an etch mask for another deep 
silicon trench etch, which surrounds a beam structure to be formed. The beam 
structure includes the isolation segment 120, with the tapered structure of the 
isolation trench 120 ensuring that as the deep structure trench etch proceeds, no 
silicon filaments will remain surrounding the surface 162 of the isolation segment 
120. The deep structure trench etch depth is chosen to be less than the depth of the 
isolation segment 120 to ensure that no silicon underbridge will form on the bottom 
164 of the dielectric in the isolation trench 114. The presence of silicon filaments on 
the surfaces 162 or 164 will destroy the isolation properties of the segment 120 by 
allowing a conduction path to the substrate 102. 

To undercut or release a silicon beam 166, a passivation dielectric layer is 
deposited on the wafer and in the deep structure trenches in the manner of the 703 
patent. After the dielectric is cleared from the trench floor, an isotropic silicon etch is 
performed to undercut the beam structure and leave a cavity 168 extending under 
the silicon beam 166, between the beam and the substrate 102. The beam sidewall 
passivation dielectric may be removed in order to leave only the silicon and the top 
thin films as the composite mechanical beam structure. 

Due to the foregoing isolation process, electrical connection is broken 
between the silicon beam 166 and the substrate 102 by the isolation segment 120. 
The silicon beam 166 is cantilevered over the substrate 102 within the cavity 168, 
freeing it to move laterally in the plane of the wafer. The isolation segment 120 is an 
integral part of the beam, also released in the cavity 168 from the substrate 102. 
Electrical connection is made from the metal region, or interconnect 156 to the 
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The next photolithographic step is illustrated in Figure 2D, where a via pattern 
222 is exposed and developed in the photoresist layer 224 by a normal lithography 
process. The resist pattern is transferred through the dielectric layer 212 by reactive 
ion etching to reveal the silicon surface 226 in the region of the via. Alternatively, the 
5 revealed silicon surface 226 may remain protected by a thin sacrificial layer of 

dielectric 212 in order to minimize surface damage during implantation. The wafer 
202 is implanted with dopants in the region of the via 222, so as to provide a high 
conductivity region in the substrate 202. A high temperature anneal activates the 
implant and prepares the wafer for metaiization. 

10 Metaiization and coarse patterning of the metal is illustrated in Figure 2E. A 

metal layer 228, preferable sputtered aluminum, is deposited onto the top surface of 
dielectric layer 212, which insulates the metal from the silicon, except in regions 
where a via 226 has been opened. The metal contacts the silicon in the via to form 
an ohmic contact. Because the metal is sputtered on a mostly continuous dielectric 

15 surface, the resulting metal layer can be patterned easily, using lithographic 

methods. To do this, a layer of photoresist (not shown) is exposed and developed, 
and the pattern is transferred to the metal with wet chemical etching or RIE. Since 
the feature sizes are generally greater than Sum for this coarse patterning step, 
these lithography and etching steps are generally non-critical. The purpose of this 

20 coarse metal patterning step is to define multiple interconnects and pads for the 

microstructure to be formed in the wafer. Thus, for example, pads 230 and 232 are 
aligned with the eventual placement of microstructure beam elements and are 
separated by a gap 234. Metal is also removed in region 236 to break the conduction 
path on one of the eventual beam elements. 



25 



The final lithography layer, which is used to produce the micromechanical 
structure, is exposed and developed according to the illustration in Figure 2F. The 
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silicon beam 166 by means of the contact region 144, allowing the silicon beam to 
be connected to suitable electrical circuitry for use as a capacitor in actuating and 
sensing applications. 

Figures 2A-2I illustrate the process of the basic invention, in perspective 
view, in the formation of two parallel cantilevered beams, each including an isolation 
segment Referring to Figure 2A, the process begins with a silicon wafer 202 which 
has a dielectric masking layer 204, preferably silicon dioxide, and photoresist layer 
206. It is possible to begin the process without the dielectric layer and rely only on 
photoresist to mask the isolation trench etch. The photoresist is exposed and 
developed to create two isolation trench openings 208 and 210. This pattern is 
transferred to the dielectric using RIE, exposing the surface of the silicon substrate 
202. Isolation trenches are then etched into the substrate silicon using silicon RIE, 
with the depths and profiles described in detail in the description of Figure 1 . The 
resist layer 206 and the dielectric layer 204 are stripped in preparation for trench 
filling. 

In Figure 2B, the isolation trenches are filled using thermal oxidation or CVD 
techniques to create two isolation segments. The filling process results in a thick 
dielectric layer 212 and indentations 214 in the surface of the dielectric 216, 
producing two solid isolation segments that are to be incorporated within the 
micromechanical structure. To remove the indentations, the surface is planarized 
using a deposition and etchback process. Figure 2C shows the results of the 
penalization, which has removed most or all of the surface indentations 214, leaving 
minimal features 220 in the areas where the isolation trenches exist. The dielectric 
218 thickness will remain as a masking material and an insulating material for the 
final microstructure, and must therefore retain good electrical and mechanical 
qualities. The thickness of dielectric layer 218 is preferably 0.5-1. Oum. 
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photoresist pattern (not shown) is transferred to the metal layer 228 and to the 
dielectric layer 212 using RIE techniques and defining an opening 238 in the metal 
and dielectric layers in which beam elements 240 and 242 are placed. This opening 
serves as a mask for subsequent trench etching steps. The lithography also defines 
in the metal layer 228 two metal interconnects 244 and 246 which attach to pads 230 
and 232, respectively. The via through the dielectric layer 212 defined in Figure 2D is 
apparent at the location of the metal-silicon contact at 248. The metal interconnect 
244 is terminated at location 250, a result of the coarse metal patterning step. 

The pattern transfer process etches the metal and dielectric to expose the 
silicon surface 252 and isolation segments 254 and 256 in the mask opening 238. 
The photoresist layer may remain or be removed for the deep silicon trench etch 
illustrated in Figure 2G, which defines a deep trench 258 surrounding silicon mesas 
or islands 260 and 262. The trench etch is carried out to a depth less than the depth 
of the isolation segments 254 and 256, which are exposed during the etch, as 
illustrated. The isolation segments are positioned by the lithography process so that 
they completely intersect and are perpendicular to the mesas 260 and 262. The 
anisotropic nature of the etch, coupled with the reentrant geometry of the segments 
themselves, ensures that no silicon filaments surround the exposed surface 264 of 
the segments 254 and 256, for such filaments eventually would provide a current 
path to the substrate 202. The single mask opening 238 forces the metal 
interconnects 244 and 246 to be self-aligned with the dielectric layers 266 and 266* 
and the respective mesas 260 and 262. The etch process used, in the preferred 
embodiment of the invention, is the Bosch process described in patent 5,501,893, 
which etches silicon selectively to the metal layer 228 and the dielectric layer 212, so 
that no degradation of the layers occurs during the structure trench etch. 

In Figure 2H, the microstructure is prepared for undercut and release of the 
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beams according to the 703 patent by a sidewall passivation scheme. A dielectric, 
preferably silicon dioxide, is deposited using CVD techniques and forms a thin film 
on all surfaces. The thickness of the deposited film is less than 500nm, and must be 
deposited at a temperature which will not harm the metal layer 228. Preferably, the 
film which will form the sidewall passivation dielectric is deposited using PECVD or 
HDPCVD techniques and conformally coats all exposed surfaces. After the 
deposition, a blanket anisotropic RIE etch removes the film from the floor 270 of the 
trench 258 and from all other horizontal surfaces, such as the top surface 272 of the 
metal layer 228. Due to the anisotropic nature of the etch, sidewall films 274 of the 
mesas remain intact to provide sidewall passivation which protects the silicon mesas 
260 and 262 from the isotropic silicon release etch processes. 

Figure 21 illustrates a released microstructure after a release etch sequence 
which follows sidewall passivation. Often, the release etch is comprised of two 
separate etches; a trench extension which exposes a larger silicon surface area and 
an isotropic release etch which undercuts the silicon mesas to form released beams 
276 and 278. The trench extension is similar to the structure etch of Figure 2G, and 
deepens the trench 258 to expose silicon below the sidewall film 274. This is 
followed by an isotropic release etch which can be performed in a high density etch 
chamber in a mixture of SF Q and Argon. The release etch is timed so that beams 276 
and 278 are completely undercut and suspended over the silicon floor 280, while 
wider features such as wall 282 remain fixed to the substrate. The isolation 
segments 254 and 256 extend downwardly through the beams, as illustrated in 
Figure 1H, to isolate the silicon of the beams 276 and 278 from the silicon of the 
substrate 202. The metal pads 230 and 232 are connected to the beams at selected 
via locations by means of interconnects 244 and 246, resulting in multiple conduction 
paths or multiple connections to the microstructure. It is understood that the beams 
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276 and 278 preferably are a part of a larger micromechanical structure with an 
array of similar beams and interconnects, and are intended only to represent the 
isolation process. The sidewall films 274 can remain on the microstructures or be 
removed by an isotropic dielectric etch. In general, the sidewall passivation film can 
be removed if its presence affects the behavior of the micromechanical structure. 

Figure 3 is a photomicrograph of a portion of a released 20um tall 
micromechanical structure employing the isolation segments of the invention. The 
released structure 302 consists of a grid of cantilever beams 304 with crossbeams 
306 for support of the array. The isolation segments 308 separate the portions 310 
of the silicon beams to the left of the segments from the portions 312 of the beams 
to the right of the segments. Conductive metal layer 314 runs along the top of each 
beam, except in the regions 316 where the metal layer has been broken during the 
coarse metal patterning step. As a result, the conducting path 318 is separate from 
the conducting path 320. It is understood that this is only a portion of the overall 
micromechanical structure, and that numerous geometries and conduction paths are 
possible using the herein disclosed technology. 

The process of the basic invention provides a great deal of functionality. As 
an example, a multiple level electrical interconnect results from the basic process 
without any additional fabrication steps. Figure 4 illustrates a multiple level 
interconnect with the intersection of two silicon beams 402 and 404. Beam 404 has 
integral electrical isolation segments 406 and 408, a dielectric top layer 410, and a 
metal layer 412. Conduction through the continuous metal layer 412 allows current 
to flow from one end of the metal line 414 to the other end 416. This current or 
applied potential is isolated from the silicon beam 404 beneath by means of the 
insulator 410. Another electrical conduction path is provided by the cross beam 402 
through electrodes 418 and 420, by means of the metal-silicon contacts 422 and 
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424. Current flows from the metal conductor 418 through the contact 422, through 
the silicon beam portions 426 and 428, back through the contact 424 and out the 
metal conductor 420. Since the silicon beam segment 430 is fixed to beam 
segments 426 and 428, it remains part of the conduction path. However, the silicon 
beam segments 432 and 434 are isolated from the conduction path by means of 
isolation segments 406 and 408Therefore f a two level contact path is allowed; one 
through the metal layer 412 and the other through the silicon beam 402. Whereas 
other processes require additional masking layers to create two or more levels of 
interconnection, the electrical isolation process described above contains all the 
processing required to form a multiple level interconnect using the silicon beam 
microstructures. 

It is often advantageous to merge micromechanical structures with integrated 
circuits for control of actuation or high performance sensing, and the present 
invention eliminates need for a separate integrated circuit chip alongside the 
micromechanical device chip for complete system operation. The process of the 
basic invention can be implemented with on-chip integrated circuits as shown in 
Figures 5A-5H and Figures 6A-6I. The process in Figures 5A-5H allows a wafer first 
to be processed to include a fully functional integrated circuit and circuit 
components; thereafter, a micromechanical device is formed on the wafer using the 
basic invention. A basic restriction on this integration process is that the 
temperatures achieved in processing the micromechanical device must not damage 
the existing circuits. Usually, this requires that process temperatures not exceed 
360°C, or approximately the temperature at which silicon and aluminum react. At 
even higher temperatures, such as 600°C, the aluminum metal leads typically used 
in integrated circuits will melt, rendering the circuit useless. Accordingly, the process 
temperatures achieved in the micromechanical device process must not exceed 
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350°C. 

In Figure 5A, it is assumed that a conventional integrated circuit process has 
been completed on a silicon wafer 502, resulting in a functional circuit. A passivation 
dielectric layer 504, preferably silicon dioxide, remains on the wafer after the process 
to protect the circuit. The edge of the integrated circuit in Figure 5A is represented 
by the metal pad 506, connected, for example, to circuit layer 508. The wafer 502 
includes a region 510 which is left free from circuit components and this is where the 
micromechanical structure is to be placed. A contact region 512 for metal to silicon 
contacts in the micromechanical structure is prepared prior to micromechanical 
device fabrication during the integrated circuit process to eliminate the high 
temperature implant anneal step which would damage a previously existing 
integrated circuit. The basic process of the invention now proceeds as in Figure 1, 
starting with the lithographic definition of an isolation trench 514 in a resist layer 516. 
The pattern is transferred to the dielectric layer 504 by reactive ion etching. 

In Figure 5B, an isolation trench 518 is formed by the deep silicon etch 
techniques described earlier. The trench 518 may be tapered to match with the 
trench filling process depicted in Figure 5C. Because of the high temperature 
restrictions, the dielectric 520 filling the trench 518 must be deposited using low 
temperature chemical vapor deposition techniques. Techniques such as plasma 
enhanced chemical vapor deposition (PECVD) of TEOS and high density plasma 
chemical vapor deposition (HDPCVD) can fill high aspect ratio trenches at 
temperatures less than 300°C. The deposition process will often leave a void 522, a 
thicker dielectric layer 524 on the surface of the wafer, and an indentation 526 on the 
surface 528 in the location of the isolation trench. 
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A penalization sequence, as illustrated in Figure 5D, removes part of the 
dielectric layer 524 to form a new layer 530 and leaves a flat surface 532, ensuring 
that lithography and metal deposition steps to follow are free of any topographic 
effects. In Figure 5E, a second lithographic step forms contact vias 534 and 536. A 
photoresist 538 is exposed and developed, and a via pattern is transferred through 
the dielectric 530. The via pattern exposes both contact region 512, where contact is 
to be made to the silicon beams, and metal pad 506, where the integrated circuit is 
accessed. 

After the photoresist is stripped, a metal layer 540 is sputter deposited to 
form contacts 542 and 544, as illustrated in Figure 5F. It is understood that this is a 
sample beam cross section only, and not all beams comprising the micromechanical 
device will require connection to the integrated circuit at 544. By opening vias to both 
the integrated circuit pad 506 and the micromechanical silicon contact 512, and 
using the metal layer 540, the integrated circuit is electrically connected to the 
micromechanical structure. A low temperature sintering step is commonly used to 
activate the contacts. 

Figure 5G illustrates the coarse metal patterning step used to define the 
conduction paths on the micromechanical structure. Resist 546 is exposed and 
developed, and the resulting pattern is transferred to the metal in region 548. This 
step separates the metal segment 550 from the metal segment 552, creating a 
multiplicity of metal paths comprising the interconnect geometry for the 
micromechanical structure. Finally, in Figure 5H the micromechanical beam 554 is 
etched according to the process described in Figure 2, the resist pattern 556 being 
transferred through the metal, dielectric, and silicon layers using reactive ion etching. 
The beams are then released with a sidewall passivation and isotropic etching 
sequence to produce a cavity 558 separating the beam 554 and the substrate 502. 
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The filled isolation trench 518 separates the silicon of the micromechanical structure 
from the substrate silicon 502 and from the functional devices of the integrated 
circuit. 

The process as described in Figure 5 achieves complete separation of the 
integrated circuit and micromechanical device fabrication steps. Another process for 
integration is illustrated in Figures 6A-6I, where the isolation trench is etched and 
filled prior to formation of the integrated circuit. The process follows those of Figure 
1 and Figure 5 but varies in that the basic isolation process is interrupted to form the 
integrated circuit. It is described as follows: 

As illustrated in Figure 6A, a silicon wafer 602 has a dielectric mask layer 604 
and resist layer 606 which are used to define an isolation trench opening 608 using 
photolithography. The silicon isolation trench 610 in Figure 6B is etched, using the 
aforementioned techniques, through the mask opening 608. Figure 6C depicts the 
trench fill as dielectric 612 is deposited in trench 610, preferably using high 
temperature thermal oxidation. Since at this point in the process no integrated 
circuits exist, high temperature steps can still be performed. The thermal oxidation 
leaves a surface dielectric layer 614, and an indentation 616 in the region of the 
trench. The indentation and top surface dielectric is completely removed using 
planarization, resulting in a silicon wafer 602 with a polished silicon surface 618 and 
integral filled isolation trench 620, illustrated in Figure 6D. The planarization can be 
performed with deposition and etchback as described earlier or with chemical- 
mechanical polishing. 

At this juncture the integrated circuit and circuit components are fabricated in 
accordance with known practice. As illustrated in Figure 6E, the location of the 
isolation segment 620 is spaced away from that of the integrated circuit, and its 
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presence has no effect on the circuit fabrication processes. The integrated circuit 
incorporates a metal pad 622 shown connected to a sample junction 624. Also 
created during the circuit fabrication is a dielectric passivation layer 626 and a 
contact region 628. The passivation layer 626 may be used as the micromechanical 

5 device insulator or replaced with a similarly deposited dielectric. The process then 

proceeds as described in Figures 5E-5H. In Figure 6F t vias 630 and 632 are created 
in the resist 634 and are transferred through the dielectric 626 to expose the 
integrated circuit metal pad 622 and contact region 628. After the resist is stripped, a 
metal layer 636, preferably aluminum, is sputter deposited in Figure 6G, contacting 

10 the integrated circuit metal pad 622 at the surface 638 and the silicon beam contact 

region 628 at the surface 640. In Figure 6H, the metal is coarsely patterned in the 
region 642 using the photoresist layer 644 and wet chemical or reactive ion etching. 
The micromechanical beam structure 646 is formed in Figure 61 using the resist 
patterned structure layer 648 and the series of etch and passivation steps described 

15 in Figures 1, 2, and 5. The resulting beam structures are free standing over the 

substrate 602 and are electrically isolated from the silicon substrate and the 
integrated circuit by the filled isolation trench 620. 

Although the invention has been described in terms of preferred 
embodiments, it will be apparent to those of skill in the art that numerous variations 
20 and modifications may be made without departing from the true spirit and scope 

thereof, as set forth in the following claims. 



What is claimed is: 
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1. A process for fabricating microstructures incorporating electrical isolation 
segments, comprising: 

forming an isolation trench in a wafer; 

filling the isolation trench with a dielectric material; and 

forming in said wafer at least one released micromechanical beam which 
incorporates said isolation trench, whereby said dielectric material extends 
completely through said beam. 

2. The process of claim 1, wherein forming an isolation trench includes: 
defining an isolation trench pattern on an oxide coated silicon wafer; 
transferring the pattern to the oxide; and 

etching the wafer through the pattern in the oxide to form the isolation trench. 

3. The process of claim 2, further including controlling said etching of the wafer 
to produce an isolation trench having a reentrant profile. 

4. The process of claim 3, wherein filling the isolation trench includes thermally 
oxidizing the wafer. 

5. The process of claim 3, wherein filling the isolation trench includes depositing 
a dielectric material by chemical vapor deposition. 

6. The process of claim 1 , wherein filling the isolation trench includes thermally 
oxidizing the wafer. 
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7. The process of claim 1 , further including planarizing the wafer after filling 
said isolation trench. 

8. The process of claim 7, wherein planarization includes application of a 

viscous material to said wafer and etching back said viscous material to smooth 
small nonuniformities. 

9. The process of claim 1 , further including providing a layer of dielectric on 
said wafer to serve as a mask for forming said isolation trench. 

10. The process of claim 9, wherein forming at least one micromechanical beam 
includes coating said layer of dielectric on said wafer with a layer of material; 

patterning and etching said metal and said dielectric layers to define a beam 
to be released; 

etching said wafer through said patterned metal layer to produce a mesa 
corresponding to said micromechanical beam; and 

further etching said mesa to undercut it and to produce a released 
micromechanical beam. 

11. The process of claim 10, further including producing at least one via in said \ 

dielectric at said beam to be released prior to coating with said layer of metal to 
permit said metal to contact said released beam. 
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